By coupling the Boltzmann transport equations of both quarkonium and open heavy quarks, we investigate their dynamical evolution inside the quark-gluon plasma and study quarkonium production in heavy ion collisions. The Boltzmann transport equation of quarkonium is derived from the open quantum system formalism and effective field theory of QCD by assuming quarkonium interacts weakly with the plasma. The dissociation and recombination terms in the Boltzmann equation are calculated in potential nonrelativistic QCD. It is shown that the combination of quarkonium dissociation, recombination, open heavy quark diffusion and energy loss can drive the system of quarkonium and open heavy quarks to detailed balance and kinetic thermalization. By solving the transport equations with initial momenta of quarkonia and heavy quarks sampled from PYTHIA and a hydrodynamic medium, we can calculate the nuclear modification factors of bottomonium and describe the data at both RHIC and LHC energies. The azimuthal angular anisotropy coefficient v 2 of ϒ(1S) in 5.02 TeV peripheral Pb-Pb collisions is also predicted.
Introduction
Since the early study of the static plasma screening effect on heavy quark bound states, quarkonium has been used as a probe of quark-gluon plasma (QGP) in heavy ion collisions [1] . In addition to the static screening effect that suppresses the attraction between the heavy quark antiquark pair, there is also the dynamical screening effect, which is the dissociation of quarkonium due to collisions with medium constituents in the QGP. The dissociation rate of quarkonium has been widely investigated, by using different methods in both weak and strong coupling limits. The inverse process, recombination of unbound heavy quark antiquark pairs, can also occur inside QGP. The recombination has been modeled phenomenologically using the detailed balance at equilibrium. However, the recombination should depend on the distribution of heavy quark antiquark pairs that evolve with time inside the QGP and the distributions are not necessarily thermal in the early stage of the evolution.
We develop a rigorous treatment of recombination and put the dissociation and recombination in the same theoretical framework. To this end, we couple the Boltzmann transport equations of quarkonium with those of open heavy quarks. The transport equations of open heavy quarks provide the real-time distributions of open heavy quarks that are used when computing the recombination. Both the dissociation and recombination terms in the transport equation are calculated from potential nonrelativistic QCD (pNRQCD) [2] . In Section 2, the set of coupled Boltzmann equations is introduced and the calculation of dissociation and recombination terms is briefly explained. Then in Section 3, methods used to simulate the transport equations are explained. Comparisons with experimentally measured nuclear modification factors R AA are shown in Section 4. Finally, a short conclusion is drawn in Section 5.
Coupled Boltzmann transport equations
The Boltzmann transport equation of quarkonium can be derived from first principles by assuming quarkonium interacts weakly with the plasma [3] . The derivation uses the open quantum system formalism and effective field theory pNRQCD. When a Wigner transform is applied to the Lindblad equation, it leads to a Boltzmann transport equation under the Markovian approximation.
The coupled Boltzmann equations of open heavy quarks Q, antiquarksQ and each quarkonium state with the quantum number nls are given by [4] (
where f i (x, p,t) denotes the phase space distribution function for i = Q,Q or each quarkonium state nls. Here n = 1 is the ground state and higher n's are excited states, l is the angular momentum and s is the spin. In our calculations, we will average over the polarizations of non-S wave quarkonium states so we omit the dependence on the quantum number m. The left-hand side of the equations describes the free streaming of particles while the right-hand side contains interactions between heavy particles and light quarks and gluons (abbreviated as q and g) in the hot medium.
The collision term C i for the interaction between the open heavy-flavor and the medium includes both elastic and inelastic contributions with full detailed balance [5, 6] . For quarkonium, the elastic scattering g + H ↔ g + H (H indicates a quarkonium state) can contribute to C . It has been calculated and shown to be negligible [7] . In the language of effective field theory, the elastic scattering process between quarkonium and gluon occurs at the order r 2 , where r is the typical size of the quarkonium state. When the quarkonium is smaller in size than 1/T , the elastic scattering is suppressed with respect to the dissociation and recombination, which happen at the order r.
The terms C ± i describe the recombination and dissociation of quarkonium. Contributing processes include the gluon absorption/emission g + H ↔ Q +Q and inelastic scattering with medium constituents g(q) + H ↔ g(q) + Q +Q. The explicit expressions of C ± i have been written out by computing the scattering amplitudes of relevant processes in pNRQCD [7] . These scattering amplitudes have been shown to satisfy the Ward identities. The inelastic scattering is a t-channel process. It has also been shown that the t-channel process is infrared safe. The finite binding energy of quarkonium serves as a soft divergence regulator. The interference between the gluon absorption/emission and its thermal loop corrections cancels the collinear divergence in the t-channel process. See Ref. [7] for detailed discussions. In this work, we use Coulomb potential to calculate bound state wavefunctions.
Solving transport equations
We solve the coupled Boltzmann equations by Monte Carlo simulations. The medium background is provided by a boost-invariant viscous hydrodynamic simulation [8] . T R ENTo provides the averaged initial entropy density for the hydrodynamic simulation in each centrality class [9] . The medium properties used in the hydrodynamic simulation have been calibrated with experimental observables of light particles with small transverse momenta [10] .
In the initialization, we sample a certain number of quarkonia and heavy quarks from the initial distribution functions. Initial momenta are sampled from the event generator PYTHIA [11] with the nuclear parton distribution functions (PDF) EPS09 [12] . The initial production suppression due to the cold nuclear matter effect is accounted by the nuclear PDF. Initial positions are sampled from the averaged binary collision density profile calculated in the T R ENTo model.
At each time step of the simulation, we consider three types of processes: diffusion and radiation energy loss of open heavy quarks, dissociation of quarkonium and recombination of open heavy quark antiquark pairs. The probability for each process to happen within a time step is calculated from the respective reaction rate. If a process happened according to its reaction probability, the momenta of final-states are sampled from the differential reaction rate in a Monte Carlo way that conserves both energy and momentum. For dissociation, we replace the dissociating quarkonium with an unbound heavy quark antiquark pair. Both heavy quarks have the same position as the quarkonium before the dissociation. For recombination, we replace the pair of heavy quark and antiquark with a specific quarkonium state, whose position is given by the center-of-mass position of the pair before recombination. If the local QGP temperature is higher than the melting temperature of a specific quarkonium state, recombination into that quarkonium state is forbidden.
Before carrying out simulations for real collisions, we test the simulation inside a QGP box with periodic boundary conditions and a constant temperature throughout the box. It has been demonstrated that the interplay between the dissociation and recombination drives the system into detailed balance [13] . Since the diffusion term of quarkonium is neglected in the Boltzmann equation, quarkonium reaches kinetic thermalization via recombinations of heavy quarks that are kinetically thermalized.
Results
Here we focus on the Upsilon production and include both 1S and 2S states in the calculation. Due to the larger bottom quark mass, results in the leading order expansion of r are more reliable for bottomonium than charmonium. By choosing the coupling constant, the singlet potential, and the melting temperature of ϒ(2S) as α s = 0.3, V s = −C F 0.42 r , and 210 MeV respectively, we can describe the Upsilon R AA in 200 GeV Au-Au collisions measured by the STAR collaboration and that in 2.76 TeV Pb-Pb collisions measured by the CMS collaboration. The results have been reported in Ref. [4] . Here we use the same set of parameters and do the calculation for 5.02 TeV Pb-Pb collisions. The results are shown in Fig. 1 . Our results are consistent with the CMS measurements. Productions in central collisions are more suppressed than in peripheral collisions. Suppressions are nearly independent of the transverse momentum and rapidity in the centrality range 0%−100%. We also study the azimuthal angular anisotropy of ϒ(1S). We compare the total v 2 of ϒ(1S) with the v 2 of those ϒ(1S) that are produced directly in the initial hard scattering and survive the in-medium evolution. In addition to the direct production, recombination production also contributes to v 2 .
The v 2 of recombined ϒ(1S) is expected to be large at low transverse momentum and decrease at large transverse momentum because of the v 2 of recombining bottom quarks. As a result, the total v 2 decreases at large transverse momentum.
Conclusions
We use a set of coupled Boltzmann equations to describe the in-medium evolution of heavy quarks and quarkonia. By choosing appropriate parameter values, we can explain the experimental data of Upsilon R AA at both RHIC and LHC energies. An estimate of the ϒ(1S) v 2 in 5.02 TeV Pb-Pb collisions is presented. The same framework can be modified to study the production of doubly charm baryon in heavy ion collisions [15] . In future, we plan to use potentials motivated from lattice calculations when computing quarkonium wavefunctions, include higher excited quarkonium states in the transport equations and use event-by-event hydrodynamic simulations to give a more complete understanding of quarkonium production in heavy ion collisions. 
